Adenosine-to-inosine (A-to-I) editing of RNA transcripts is an increasingly recognized cellular strategy to modulate the function of proteins involved in neuronal excitability. We have characterized the editing of transcripts encoding the ␣3 subunit of heteromeric GABA A receptors (Gabra3), in which a genomically encoded isoleucine codon (ATA) is converted to a methionine codon (ATI) in a region encoding the predicted third transmembrane domain of this subunit. Editing at this position (I/M site) was regulated in a spatiotemporal manner with ϳ90% of the Gabra3 transcripts edited in most regions of adult mouse brain, but with lower levels of editing in the hippocampus. Editing was low in whole-mouse brain at embryonic day 15 and increased during development, reaching maximal levels by postnatal day 7. GABA-evoked current in transfected cells expressing nonedited ␣3(I)␤3␥2L GABA A receptors activated more rapidly and deactivated much more slowly than edited ␣3(M)␤3␥2L receptors. Furthermore, currents from nonedited ␣3(I)␤3␥2L receptors were strongly outwardly rectifying (corresponding to chloride ion influx), whereas currents from edited ␣3(M)␤3␥2L receptors had a more linear current/voltage relationship. These studies suggest that increased expression of the nonedited ␣3(I) subunit during brain development, when GABA is depolarizing, may allow the robust excitatory responses that are critical for normal synapse formation. However, the strong chloride ion influx conducted by receptors containing the nonedited ␣3(I) subunit could act as a shunt to prevent excessive excitation, providing the delicate balance necessary for normal neuronal development.
Introduction
RNA editing is an increasingly recognized mechanism for expanding sequence diversity within the transcriptome through the site-selective conversion of adenosine to inosine (A-to-I editing) by hydrolytic deamination (Polson et al., 1991) . Because inosine preferentially base pairs with cytosine, an inosine within RNA transcripts is read as guanosine during translation, often changing the amino acid coding potential of mRNAs that can dramatically alter the functional properties of the encoded protein products (Gott and Emeson, 2000; Emeson and Singh, 2001) . A-to-I editing is catalyzed by a family of enzymes known as adenosine deaminases that act on RNA (ADARs) that can selectively modify adenosine residues within duplex regions of pre-mRNAs (Bass, 2002) . These enzymes modulate neuronal activity by altering the amino acid sequence and function of ligand-and voltage-gated ion channels, as well as G-protein-coupled receptors (Sommer et al., 1991; Egebjerg and Heinemann, 1993; Lomeli et al., 1994; Burns et al., 1997; Bhalla et al., 2004) . The mouse GABA A receptor ␣3 subunit transcript (mGabra3) was recently identified as an ADAR substrate, in which a genomically encoded isoleucine (I) is converted to a methionine (M) codon (Ohlson et al., 2007) . The altered amino acid was predicted to reside toward the extracellular portion of the TM3 (third transmembrane domain) of the protein, a region that is important for the function and trafficking of GABA A ␣ subunits (Gallagher et al., 2004) .
GABA A receptors are pentameric ligand-gated chloride channels, usually composed of 2␣, 2␤, and either a ␥ or a ␦ subunit (Hevers and Luddens, 1998) . In the mature brain, activation of GABA A receptors produces a hyperpolarizing influx of chloride ions. However, altered regulation of chloride ion transport during development changes the function of GABA A receptors, creating an excitatory response to GABA that can stimulate action potentials as well as relieve the voltage-dependent block of NMDA receptors. These depolarizing currents are crucial for a number of developmental processes, including proliferation and synaptogenesis (Ben-Ari et al., 2007; Cancedda et al., 2007) . Recent studies have indicated that Gabra3 RNA transcripts undergo near complete editing (I/M site) in the adult mouse brain, but not in neonatal animals (Ohlson et al., 2007) . Whereas the ␣1 subunit is the predominant ␣ subtype in the adult brain, the ␣3 subunit is more highly expressed in the developing CNS (Laurie et al., 1992) , raising questions regarding the functional significance of this RNA processing event. The present studies extend the analysis of Gabra3 editing and use voltage-clamp recording with recombinant receptors and rapid GABA application to assess the functional significance of A-to-I conversion within pentameric GABA A receptors.
Materials and Methods
RNA isolation and quantitative analyses of Gabra3 editing/expression. RNA was isolated from mouse brain of 129S6 (12-14 week) or FVB/J (12 week) male mice, unless otherwise specified. Adult rat whole-brain RNA (Sprague Dawley) was isolated as previously described (Burns et al., 1997) , and human whole-brain RNA was purchased from BioChain Institute. As described in supplemental Methods (available at www. jneurosci.org as supplemental material), first-strand cDNA and PCR amplicons were generated corresponding to the predicted I/M site duplex region within Gabra3 transcripts or for other GABA A subunit isoforms (supplemental Table 2 , available at www.jneurosci.org as supplemental material).
The extent of Gabra3 editing was quantified using a custom-designed TaqMan SNP (single-nucleotide polymorphism) genotyping assay (supplemental Table 1 , available at www.jneurosci.org as supplemental material) (Applied Biosystems). Gabra3 mRNA expression was quantified using a TaqMan MGB gene expression assay for Gabra3 (Mm00433440_m1). Postrun analyses were performed with an ABI Prism 7900HT system (SDS v2.3; Applied Biosystems). All reactions were run in triplicate and quantified as described previously (Feng et al., 2006) .
Minigene construction and analysis. A wild-type Gabra3 minigene (543 bp) was constructed using a nonedited Gabra3 amplicon. HeLa cells were cotransfected using FuGENE 6 (Roche) with 0.5 g of a Gabra3 minigene along with 4 g of either an empty pRC-CMV expression vector (Promega) or a FLAG-tagged ADAR1 (p150) or ADAR2b expression vector. Thirty-six hours after transfection, RNA was isolated and purified using Versagene RNA cell and DNase kits (Gentra Systems), and whole-cell extracts were prepared from a parallel sample for Western blotting analysis, as described previously (Schreiber et al., 1989) . After reverse transcription (RT)-PCR amplification and sequence analysis of the Gabra3 minigene, editing was quantified directly from electropherogram traces (Kwok et al., 1994) ; for details, see supplemental Methods (available at www.jneurosci.org as supplemental material).
Expression of recombinant GABA A receptors. Complementary DNAs encoding the human GABA A receptor ␣3(I), ␣3(M), and ␥2L subunits were individually subcloned into the mammalian expression vector pcDNA3.1 (Invitrogen); cDNA encoding the human GABA A receptor ␤3 subunit was subcloned into pCMV6-XL5 (Origene). HEK293T cells were transfected using a calcium phosphate precipitation technique, and subsequently selected as described in supplemental Methods (available at www.jneurosci.org as supplemental material).
For editing analysis, RNA was isolated from HEK293T cells 2 d after transfection using TRI Reagent (Molecular Research Center), and RT-PCR and bulk sequence analysis were performed as described for Gabra3 minigene analysis.
Electrophysiological recording and drug application. Lifted whole-cell voltage-clamp recordings were performed at room temperature using a rapid drug application device to apply GABA to transiently transfected HEK293T cells (Lagrange et al., 2007) . Data was acquired and analyzed as described in supplemental Methods (available at www.jneurosci.org as supplemental material). Uncompensated series resistance error is a possible confounding factor in whole-cell voltage clamp. However, all kinetic differences reported here were confirmed by multiple statistical techniques, as described in the supplemental Methods (available at www.jneurosci.org as supplemental material).
Statistical analysis. Numerical data were expressed as mean Ϯ SEM. Statistical analysis was performed using GraphPad Prism. Data were compared using a Mann-Whitney test for pairs of data. Changes in editing or expression during development were tested using a generalized Spearman rank-order correlation and in brain region analysis by nonparametric one-way ANOVA. The normalized peak response to 5 or 10 ms of GABA application was compared with the peak current during 4 s GABA applications, using a Wilcoxon signed-rank test to compare with a hypothetical value of 1.0. Statistical significance was taken as p Յ 0.05.
Results

Gabra3 is highly edited in adult mammalian brain
The mouse Gabra3 transcript was recently reported as a substrate of RNA editing (Ohlson et al., 2007) . To assess the editing of Gabra3 transcripts from other mammalian species, we used an RNA folding algorithm (Mfold) (Mathews et al., 1999; Zuker, 2003) , which predicted a conserved short duplex structure contained entirely within exon 9 (Fig. 1 A) . Gabra3 editing was verified directly in RNA isolated from whole human and rat brain through bulk-sequencing analyses of the region surrounding the I/M site. The presence of a mixed A/G peak in electropherogram traces demonstrated the editing of all three species (Fig. 1 A) . Because inosine has base-pairing properties similar to guanosine, A-to-I editing events appear as A-to-G discrepancies between genomic and cDNA sequences. The presence of a small adenosine peak at the editing site indicated that a portion of the Gabra3 transcripts was not edited ( Fig. 1 A) , despite previous observations that this RNA modification goes to completion in the brain of adult FVB/N mice (Ohlson et al., 2007) . To assess whether the extent of Gabra3 mRNA editing varies by mouse strain, we compared the extent of editing in FVB/J animals to those used in our studies (129S6), revealing a significant difference, with mean editing levels of 97.0% and 82.6%, respectively. Gabra3 represents one of six different genes encoding subtypes of the GABA A receptor ␣ subunit. Although only mouse Gabra2 and Gabra6 genes have an adenosine residue at a position analogous to the Gabra3 I/M site, the presence of an extended duplex in transcripts encoding other GABA A receptor ␣ subunits could allow editing of other adenosine residues within that region. Bulk sequence analyses of cDNAs generated from other ␣ subunits identified no additional editing sites (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material), demonstrating that editing of this region is unique to the Gabra3 transcript.
A small exonic RNA duplex is required for I/M site editing To identify the sequences that direct editing of Gabra3 RNAs, a minigene containing the predicted mouse Gabra3 RNA duplex (Fig. 1 A) was introduced into HeLa cells and assessed for editing at the I/M site (supplemental Fig. 2 B, available at www. jneurosci.org as supplemental material). We found that a low level of baseline editing was significantly increased by the coexpression of ADAR1 or ADAR2. These results demonstrated not only that both ADAR1 and ADAR2 could efficiently modify the Gabra3 I/M site, but also that the minigene contained the cisactive elements necessary to promote site-selective adenosine deamination.
To further assess whether the predicted duplex was essential for Gabra3 editing, we developed a mutant Gabra3 minigene (M1) containing six mutations to disrupt the proposed structure of the RNA duplex (supplemental Fig. 2 A, available at www. jneurosci.org as supplemental material). Coexpression of the mutant minigene with ADAR1 or ADAR2 revealed only background levels of editing (supplemental Fig. 2 B, available at www. jneurosci.org as supplemental material), demonstrating that these six nucleotides were essential to maintain normal levels of A-to-I conversion. Western blotting analyses confirmed that the reduced editing levels for the mutant minigene did not result from decreased ADAR expression (data not shown). To deter-mine whether reduced editing resulted from disrupted secondary structure or the mutation of specific sequence determinants, we introduced six compensatory mutations predicted to restore the structure of the mutant Gabra3 duplex (M2). These compensatory sequence alterations successfully restored editing to wild-type levels for both ADARs (supplemental Fig.  2 B, available at www.jneurosci.org as supplemental material), indicating that the predicted RNA duplex was essential for I/M site editing in Gabra3 mRNAs.
Gabra3 editing and expression levels are regulated in a spatiotemporal manner
We performed a developmental analysis of Gabra3 mRNA expression using a quantitative RT-PCR approach with RNA isolated from whole-mouse brain. Similar to previous reports in rat (Laurie et al., 1992) , Gabra3 expression was found to be low at embryonic day 15 (E15), but increased fivefold by E19. The expression level stayed approximately constant through postnatal day 5 (P5), then began a gradual decline into adulthood ( p Յ 0.0008) (Fig.  1 B) . A similar analysis of RNA isolated from dissected brain regions in adult mice revealed that Gabra3 mRNA levels varied up to sixfold among the brain regions examined, with the olfactory bulb and hippocampus having the highest and lowest levels of Gabra3 expression, respectively ( p Յ 0.002) (Fig. 1C) .
Because Gabra3 editing may represent a cellular strategy for the spatiotemporal regulation of ␣3 subunit-containing GABA A receptor function, we quantified the extent of Gabra3 editing during development and in dissected adult brain regions. Results from this analysis demonstrated that I/M site editing was low at E15 (15 Ϯ 2%), then increased gradually through early development, and eventually reached maximal level (80 -85%) by P7, which persisted into adulthood (Fig. 1 D) . Examination of Gabra3 editing patterns in the adult brain indicated that 90 -95% of transcripts were edited in most brain regions examined, except for the hippocampus (70 Ϯ 4%) (Fig. 1 E) .
RNA editing regulates the function of ␣3 subunit-containing GABA A receptors To investigate functional consequences of Gabra3 mRNA editing, we used whole-cell voltage-clamp recording and a rapid drug delivery system to apply GABA to lifted HEK293T cells that had been transiently cotransfected with plasmids containing human ␤3, ␥2L, and either nonedited ␣3(I) or edited ␣3(M) cDNAs. The ␤3 and ␥2L subunit subtypes were chosen because they are coexpressed in the same brain regions as the ␣3 subunit, in both mature and developing animals (Laurie et al., 1992; Pirker et al., 2000) . To ensure that the nonedited ␣3(I) subunit was not modified in our heterologous expression system, an expression vector containing a nonedited Gabra3 minigene was transiently transfected into HEK293T cells, and minigene-derived RT-PCR amplicons were sequenced in bulk (as in supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). This analysis demonstrated no detectable editing of Gabra3 transcripts, thus validating the use of HEK293T cells to evaluate the consequences of Gabra3 transcript editing.
GABA (1 mM, 4 s) consistently evoked currents from cells expressing either nonedited ␣3(I)␤3␥2L (3910 Ϯ 324 pA; n ϭ 20) or edited ␣3(M)␤3␥2L (2306 Ϯ 323 pA; n ϭ 28) receptors, but the peak current amplitudes were significantly larger from the nonedited receptors ( p Ͻ 0.01) (supplemental Table 1 , available at www.jneurosci.org as supplemental material)
Although all ␣3␤3␥2L currents activated and desensitized very slowly compared with the more widely studied ␣1 subunitcontaining receptors (Barberis et al., 2007; Picton and Fisher, 2007) , nonedited ␣3(I)␤3␥2L currents activated more rapidly than edited ␣3(M)␤3␥2L currents (Fig. 2 B, C) . Furthermore, nonedited ␣3(I)␤3␥2L currents deactivated much more slowly after 4 s of 1 mM GABA (Fig. 2 A; supplemental Table 1 , available at www.jneurosci.org as supplemental material) [473 Ϯ 45 ms (n ϭ 15) vs 283 Ϯ 48 ms (n ϭ 19) for ␣3(I)␤3␥2L and ␣3(M)␤3␥2L, respectively; p Ͻ 0.01]. Similar results were found using briefer, more synaptically relevant (5 or 10 ms) GABA applications (supplemental Table 1 , available at www.jneurosci.org as supplemental material). In contrast, both the rate and extent of desensitization of the two differently edited receptors were similar ( Fig. 2; supplemental Table 1 , available at www.jneurosci.org as supplemental material). As previously described (Barberis et al., 2007; Picton and Fisher, 2007) , high GABA concentrations were required to activate ␣3␤3␥2L receptors, with peak current EC 50 s of 65 and 153 M, for nonedited ␣3(I)␤3␥2L and edited ␣3(M)␤3␥2L receptors, respectively. However, because the GABA-mediated depolarizations seen during development may last for several seconds (Ben-Ari et al., 2007) , we also measured the residual current at the end of a 4 s application of varying concentrations of GABA to better assess the responses to slow GABA fluctuations. We found a maximal response that was ϳ40% of the peak current amplitude, with an EC 50 of 17-18 M for both nonedited ␣3(I)␤3␥2L and edited ␣3(M)␤3␥2L GABA A receptors.
The slow kinetic properties of ␣3 subunit-containing receptors prompted us to further explore how the editing variants respond differentially to the very brief surges of GABA (1 mM, Ϸ1 ms) present in the synaptic cleft. The currents from both edited and nonedited ␣3-containing receptors elicited by brief GABA application (5 ms, 1 mM) were truncated severely compared with the maximal activation seen during more prolonged GABA exposure (Fig. 3A1,A2) . However, applying a second brief pulse after a short (Յ 80 ms) interval allowed more complete activation (Fig. 3B1,B2) , and repetitive brief GABA applications (5-20 Hz) produced a frequency-dependent summating response (Fig. 3C1,C2) .
GABA A receptor activation may be either excitatory or inhibitory, depending on the chloride reversal potential. To elucidate the propensity of ␣3 subunitcontaining GABA A receptors to mediate inward (representing chloride efflux) versus outward current, we used ramp current-voltage (I/V ) protocols (Ϫ50 mV to ϩ50 mV over 1 s) in the absence and presence of a low concentration (3 M) of GABA. This concentration was chosen to minimize the effects of desensitization and series resistance error that can occur with higher GABA concentrations. The subtracted I/V plots of currents from nonedited ␣3(I)␤3␥2L receptors had a strong outward rectification [chloride ion influx/efflux ϭ 3.1 Ϯ 0.2 (n ϭ 13); p Յ 0.0006], compared with the more linear currents from edited ␣3(M)␤3␥2L receptors [chloride ion influx/efflux ϭ 1.7 Ϯ 0.2 (n ϭ 14)] (Fig. 4) . Similar results were found with hyperpolarizing ramp I/Vs (ϩ50 to Ϫ50 mV over 1 s) (data not shown).
Discussion
RNA editing increases genomic diversity by allowing the posttranscriptional modification of RNA transcripts that can encode multiple gene products with altered functional properties (Gott and Emeson, 2000; Emeson and Singh, 2001; Bass, 2002) . The GABA A receptor ␣3 is modified by A-to-I editing in multiple mammalian species, and the level of editing is regulated in a strain-specific manner. Such differences in Gabra3 editing could result in physiological or behavioral variation and may explain strain-specific differences in seizure thresholds (Frankel et al., 2001 ) and also suggest that human interindividual variability in editing levels may impact neural development, brain function, and/or disease susceptibility.
The I/M site secondary structure is rare in the repertoire of codon-altering editing events because it is contained completely within an exon, whereas most duplexes require the presence of intron sequences and thus editing must occur before splicing within nuclear pre-mRNAs (Gott and Emeson, 2000) . Maintenance of the duplex structure in mature Gabra3 transcripts may increase the time-frame during which the substrate RNA may be modified by providing the potential for editing to occur outside the nucleus. Cytoplasmic A-to-I conversion may be relevant to disease because the expression of an ADAR1 isoform (p150) that is present in the cytoplasm is induced in response to viral infection, inflammation, and interferon induction (Yang et al., 2003) .
We found that RNA editing of ␣3 subunit transcripts results in GABA A receptors with smaller amplitudes, slower activation, and faster deactivation. The molecular bases for the altered GABA A receptor properties remain unknown. However, the I/M editing site is immediately adjacent to the extracellular transmembrane 2/3 linker, a region known to be important for channel gating (Ernst et al., 2005) . Given this location, it is tempting to suggest that a change in intrinsic channel gating properties, pos- sibly involving reduced open state stability, may underlie these differences. However, the nearly twofold current amplitude difference in cells expressing the edited versus unedited ␣3 subunit raises the possibility that RNA editing also regulates the number of functional GABA A receptors on the cell surface, thereby adding another level of control over the spatial and temporal distribution of GABA A receptor expression.
Our results suggest that the unusual properties of ␣3␤3␥2L receptors may allow them to serve a unique role in conveying inhibitory information. These receptors are virtually insensitive to the low GABA concentrations (Ϸ1 M) found outside of the synaptic cleft. Moreover, these slowly activating ␣3 subunitcontaining GABA A receptors will likely respond poorly to the very brief GABA available during an individual synaptic event. However, slow deactivation allows these receptors to produce a summating response during repetitive stimulation of sufficiently high frequency, thereby conveying high-frequency signals but attenuating the response to lower-frequency input. This is in direct contrast to the progressively smaller responses elicited during high-frequency stimulation of the more ubiquitous ␣1 subunit-containing receptors (Lagrange et al., 2007) .
The function of GABA A receptors changes throughout development, and the presence of elevated levels of nonedited ␣3 subunit-containing GABA A receptors occurs during a period of robust synaptic development ( Fig. 1) (Ben-Ari et al., 2007) . Increased ␣3 expression may underlie some of the distinctly slow IPSC kinetics observed during development (Ortinski et al., 2004) , although the potential for other subunit combinations, including multiple ␣ subunit subtypes within individual pentamers, makes it difficult to extrapolate our data directly to brain slice physiology. Perhaps more importantly, GABA A receptors have the unusual characteristic of being able to produce hyperpolarization, depolarization, or shunting, depending on the chloride ion reversal potential. The high intracellular concentration of chloride ions in developing neurons produces an excitatory response to GABA that appears to be important for normal embryonic neuronal development (Cancedda et al., 2007) , as well as newly born neurons generated in mature animals (Ge et al., 2006; Ben-Ari et al., 2007) . Our results predict that nonedited ␣3(I)-containing receptors are ideally suited to respond to prolonged elevations of GABA, thereby producing robust, long-lived depolarization that may trigger the production of sodium and calcium-mediated action potentials. Once these action potentials depolarize the membrane past the chloride equilibrium potential, ␣3(I) subunit-containing receptors would convey a strong influx of chloride ions, thereby shunting excess excitation. RNA editing may introduce a functional flexibility that allows nonedited GABA A receptors to play an important role in promoting neuronal growth and connectivity during development, with the edited (M) isoform being preferentially suited to the inhibitory functions of GABA A receptors in more mature animals. and summarized in A2. Peak currents are normalized to the peak response to 4 s of 1 mM GABA. B1, Application of a second brief GABA pulse after a short (20 ms, black trace) interval allows more complete activation. When the interval between GABA applications is prolonged (320 ms, gray trace), the first and second responses are equal. B2, Pairs of brief GABA applications produce a consistently greater response from ␣3 subunit-containing GABA A receptors when the interval between GABA applications is Ͻ80 ms. C, ␣3 subunit-containing GABA A receptors produce a summating response to high-frequency repetitive brief GABA applications, as shown by the representative current shown in C1 and summarized in C2.
ϩ p Յ 0.05, ϩϩ p Յ 0.01 versus a hypothetical value of 1.0 by Wilcoxon signed-rank test.
